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During the past decade various reports'-* have described the use of computer-averaged electromyographic (EMG) profiles in the analysis of pathological gait. For instance, Knutsson2 used computer-averaged EMG profiles to study muscle coordination in hemiparetic gait, Conrad et a13 reported on the use of EMG profiles for investigating the gait patterns of paraspastic patients with a variety of diagnoses, and Winter and Sienko4 used EMG profiles in an attempt to elucidate the mechanics of gait in patients with below-knee amputation. These studies show that computeraveraged EMG profiles provide potentially valuable information about the time course of myoelectric activity of muscles.
A muscle's EMG profile may be observed during a number of gait cycles, with the beginning of each new gait cycle defined by the moment of heelstrike. This "raw" EMG signal is usu-
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ally full-wave rectified and low-pass filtered, an operation known as linear envelope detection. 5 The output signal of the detector represents the time course of the estimated intensity of the EMG signal and is stored in a computer to allow the second processing step. The intensity of the EMG signal, sometimes called the "amount of activity,"5 indicates the muscle's myoelectric activity. The accuracy of the estimate in this first step is governed by the bandwidths of the raw EMG signal and the low-pass filter used6 and is limited. In the second step, the time scale of the recorded intensity signal in each individual gait cycle is normalized to a standard cycle length. The resulting intensity signal frames, which correspond to the Physical Therapyll'olume 70, Number ll/November 1990 individual cycles, are ensembleaveraged to form the final EMG signal intensity profile. This ensembleaveraging process improves the accuracy of the intensity information, because random fluctuations in the contributing signal frames tend to cancel each other. The choice of the low-pass filter in the linear envelope detector is an important consideration for the application of the EMG profiles. A wide variety of low-pass filters have been reported in the literature. Knutsson2 reported time constants of both 0.2 and 0.02 second. Winter' used a critically damped filter with a cutoff frequency of 3 Hz. Arsenault et al7 worked with a 6-Hz filter. Kleissen et alH used a third-order Butterworth filter with a cutoff frequency of 25 Hz. This lack of uniformity indicates that choosing a low-pass filter is not a trivial matter. It also makes comparison of the published results of different investigators difficult.
The purpose of this study was to demonstrate how the choice of the low-pass filter used in the linear envelope detector can affect the recorded EMG profiles. The results of this study may contribute to clinicians' understanding of the effects of EMG processing methods on computeraveraged EMG profiles.
Method

Instrumentation
In this study, computer-averaged profiles were recorded for the surface EMG activity of the gluteus medius muscle. Figure 1 schematically shows the instrumentation used for obtaining the EMG profiles. A K-Lab SPA-10 skin-mounted bipolar preamplifier,' which snap-connects to two MediTrace self-adhesive disposable silversilver chloride pellet electrodest picked up and amplified the EMG signal at the electrode location. This preamplifier provides a gain factor of 100 (+ 1%) and has an input imped- 
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ance greater than 100 MR, a common mode rejection ratio greater than 100 dB, and a passband of -3 dB between 20 Hz and 10 kHz. The rim-torim electrode distance was 22 mm, and the pickup area of each electrode was 10 x 10 mm2. The low mass of the amplifier (15 g) and its low output impedance reduce the problems of movement and cable artifacts. A reference electrode was attached to the wrist of the subject.
The time of heel-strike was identified using footswitches. The footswitch system comprised four sheets of conductive rubber, covering the forefoot and the heel of the shoes, in conjunction with a conductive rubber mat. When one of these sheets touched the rubber mat, an electric signal indicated floor contact. 
Protocol
Eight healthy male subjects, aged 24 to 32 years, participated in this study. Each subject provided informed consent prior to participation in the study. M e r thoroughly rubbing the skin over the gluteus medius muscle with alcohol, and after shaving the area when necessary, the electrodes were placed vertically on the muscle belly of the gluteus medius muscle, halfway between the iliac crest and the greater trochanter of the right leg. Before rrieasurements were taken, the subjects were given a few minutes to practice che walking procedure so that they could become familiar with the experimental constraints. They practiced the procedure until they said they were steady in their walking pattern.
Each subject performed three walking trials. The first trial was at a comfortable, free-walking cadence. During the second and third trials, the metronome wa.s set at 78 and 120 beats per minute (bpm), respectively, and the subjects were instructed to adjust their walking cadence accordingly.
The subjects were free to choose their own comfortable stride length. An assistant walking behind the subject carried the trailing signal cable to avoid obstruction by cable drag.
Data were collected during 20 to 25 gait cycles. Because the 10-m walkway did not allow this number of gait cycles to be observed in one pass, the subjects were instructed to walk back and forth across the walkway until the desired number was reached.
Data Analysis
The computer system automatically determined both the average EMG signal intensity profile of each trial and its standard deviation. Each stride period between two consecutive heelstrikes was normalized to 100% of gait-cycle duration, where 0% corresponded to heel-strike. The output signal of the linear envelope detector was interpolated at 0.125% gait-cycle intervals; thus, the normalized gait cycle contained 800 data points. Averaging the EMG data across the normalized strides for each of the 800 data points produced the ensembleaveraged profile. Similarly, the standard deviation for each of the data points of the final EMG signal intensity profile was calculated.
In off-line analysis, across-subject ensemble averages and their standard deviations were computed by averaging the average EMG profiles of the eight subjects. For a given ensemble average and its standard deviation, the coefficient of variation (CV) describes the variability. The CV is defined as the root-mean-square standard deviation over the stride period divided by the mean ensemble average over the stride.1 Pearson's product-moment correlation coefficient (r) can be used to quantify the similarity of two EMG profiles.9 The 800 data points defining one EMG profile are paired with the corresponding 800 data points from the other EMG profile. A high correlation coefficient indicates that the time courses of both EMG profiles are similar.
Because this coefficient does not necessarily express absolute differences between the EMG profiles, an additional measure for similarity (S), defined as the CV for the ensemble averages of the two EMG profiles to be compared, was computed. Statistical significance was set at the alpha level of .05.
Resutts Figure 2 shows a typical result of one walking trial at a free-walking cadence. In this figure, A and B present the ensemble averages and standard deviations of EMG signal intensity for the gluteus medius muscle, as observed using a 25-Hz and a 3-Hz filter, respectively. It is evident that the 3-Hz filter produces a smoother EMG profile than the 25-Hz filter. The variability, as indicated by the standard deviation bars, also was lower for the 3-Hz filter than for the 25-Hz filter. Table 1 summarizes this effect of cutoff frequency on the variability in the EMG profiles of the individual trials. Averages and standard deviations for the CV were calculated over the group of eight subjects. Table 1 indicates that the CV for the IHz-filtered EMG profiles was lower than the CV for the 25-Hz-filtered EMG profiles by a factor of two, which was statistically significant (P < .05, Student's paired t test).
In Table 2 , the similarity of the EMG profiles recorded at 78 and 120 steps/ min for each subject is indicated by the average value and standard deviation of correlation (r) and similarity (S) over the group of eight subjects.
Comparison of the values for correlation (r) and similarity (S) of the 25-Hz-filtered EMG profiles with those of the 3-Hz-filtered EMG profiles for each subject revealed that values for correlation (r) were significantly higher and that the values for similarity (S) were significantly lower for the Physical 'Therapyll'olume 70, Number 1 l/November 1990 Variability described by coefficient of variation, defined as root-mean-square standard deviation over the stride period divided by the mean ensemble average over the stride.
3-Hz-filtered EMG profiles (P < .05,
Student's paired t test).
The results of pooling the EMG profiles across all subjects for each walking cadence are presented in Figure 3 . In this figure, A and B present these across-subject averaged EMG profiles for the cut-off frequencies of 25 and 3 Hz, respectively.
In an attempt to quantlfy the changes in across-subject averaged EMG profiles with changing stepping frequencies, the similarity of the EMG profiles for 78 and 120 steps/min was para-- metrized with their correlation (r) values. The similarity (S) values for the averaged pair of these EMG profiles were also calculated. These values are presented in Table 3 .
The CVs for the across-subject averaged EMG profiles for all walking cadences and filter frequencies are presented in Table 4 . For the 3-Hz filter, CVs for these EMG profiles tended to decrease with increasing stepping frequency, whereas for the 25-Hz filter, the CVs tended to increase. Retrospectively, the average walking speeds were0.83 (SD = 0.06), 1.41 (SD = 0.09), and 1.52 (SD = 0.08) m/sec for 78 steps/min, free-walking cadence, and 120 stepshin, respectively. The average stepping frequency over the group of eight subjects at a freewalking cadence was 109 stepshin (SD = 4). EMG signal intensity estimate more strongly. Additionally, the 3-Hzfiltered EJMG profiles lagged behind the 25-Hz-filtered EMG profiles. At a free-walking cadence, the peak in the EMG profile shown in Figure 2B appears approximately 50 msec later than the peak shown in Figure 2A .
Discussion
Filter theory states that the cutoff frequency a.nd the time lag between filter input and output signal are closely related. Approximations show that this time lag would be inversely proportional to the cutoff frequency.1°
The two different filters give two different representations of the same raw EMG signal. For the interpretation the EMG profiles, it is important to be aware of what is represented. Kleissen et a18 viewed the linear envelope detector as an estimator of the intensity of the muscle activation that precedes the actual muscle contraction and force generation. The EMG profiles should provide detailed information about the effects of the motor control system on the muscle studied. The requirement that rapid fluctuations in the EMG signal intensity were to be observed led to the choice of the 25-Hz filter.
Winter1 proposed that the linear envelope detector be designed so that its output will be closely related to the muscle force resulting from the observed EMG activity. He recognized that the time constants of a secondorder critically damped low-pass filter could be tuned to achieve a dynamic input-output relationship that would parallel the dynamics of the EMG activity-force relationship of the muscle studied. For isometric contractions, there is both a theoretical ba-- sisl1 and experimental evidencelZJ3 to support this approach.
The effect of the low-pass filter on the individual EMG profiles propagates to the across-subject averaged EMG profiles shown in Figure 3 . With increasing stepping frequency, the peak in the 25-Hi-filtered EMG profile shown in Figure 3 (A) tends to grow and the EMG activity tends to concentrate progressively nearer to the time of heelstrike. In the 3-Hz-filtered EMG profile shown in Figure 3 (B), this tendency is less distinct. The sensitivity of across-subject averaged EMG profiles for changes in the stepping frequency appears to be higher when filtered at 25 Hz. Data presented in Table 3 support this finding quantitatively. These findings confirm reported results from similar experiments.14
The across-subject averaged 3-Hzfiltered EMG profile for the gluteus medius muscle at a free-walking cadence agrees with those published by other inve~tigators.15~~6 A review of the literature indicates that no EMG profiles for this muscle at other stepping frequencies have yet been published. The variability in the EMG profiles observed by Winter15 (CV = 105%) is considerably higher than the variability observed in this study. Possible explanations may be a different electrode location used or a less homogeneous group of subjects.
Finally, it seems remarkable that the variability in the across-subject averaged 3-Hz-filtered EMG profiles decreases with increasing stepping frequency (Tab. 4), whereas this variability tends to increase for the 25-Hz-filtered EMG profiles. This finding means that the 3-Hz-filtered EMG profiles for the gluteus medius muscle of healthy individuals tend to become more similar with increasing stepping frequency.
The low-pass filter in real time forms the output signal as a moving average5 over the rectified EMG signal where the shape of the averaging window is described by the filter's impulse response. However, if the filter's input signal is a burst in which the length is comparable to or shorter than the length of this averaging window, its output signal will be a smoothed version of the impulse response. With decreasing length of the input burst, the output signal will increasingly approach the filter's impulse response. Figure 3A indicates that, with increasing stepping frequency, the gluteus medius muscle's EMG bursts become shorter. Therefore, the filter's response to the bursts will increasingly be determined by its impulse response, and the response will be more independent of the form of the input bursts. The response of the filter to the EMG bursts across different subjects will become more similar, so that the similarity of the individual subjects' EMG profiles can also increase with the stepping frequency. Because the impulse response of the 25-Hz lilter was short compared with the length of the raw EMG bursts, this effect does not appear in Table 4 for the 25-Hz-filtered EMG profiles. At 120 steps/min, the EMG peak in Figure 3 
Conclusion
Generally, the choice of the low-pass filter used in the linear envelope detector considerably affects both the shape and the properties of computer-averaged EMG profiles. In this report, some effects on the EMG profiles for the gluteus medius muscle have been described as an example of this general principle. The results of this study show that EMG profiles recorded with a linear envelope detector with a low cutoff frequency generally are smoother and have a lower cycle-to-cycle variability and a greater time lag with respect to the raw EMG signal than a filter with a higher cutoff frequency. ' The interpretation of the EMG profiles also is closely related to the type of filter used. The observed intersubject variability in the EMG profiles can be influenced by the low-pass filter: The longer the impulse response of the filter and the shorter the EMG bursts to be observed, the more the filter will shape the resulting EMG profile and the lower the intersubject variability will appear.
This study provides evidence that careful analysis of the nature of the information to be extracted from the EMG profile should precede the choice of the most suitable linear envelope detector for the particular problem under investigation. Standardization of the linear envelope detector, however, would be a contribution to avoiding confusion and misunderstanding and would allow better communication among various users of the EMG profiles. Further research may answer the question of whether a standard linear envelope detector that is suitable for a wide range of problems can be developed.
